Study design: Female Wistar rats (225 g) underwent spinal cord injury (SCI) at the T4 segment and were assigned to one of the three groups treated with: (1) saline; (2) 7.5 mg kg -1 Reparixin; or (3) 15 mg kg -1 Reparixin. Reparixin is a small molecule, allosteric noncompetitive inhibitor of CXCR1 and CXCR2 chemokine receptors involved in inflammation. Methods: Spinal cord homogenates at 12 and 72 h post-SCI were assayed for tumor necrosis factor a (TNF-a) and cytokine-induced neutrophil chemoattractant (CINC)-1 using enzyme-linked immunosorbant assay (ELISA). Myeloperoxidase activity and western blots for CD68, Fas and p75 content were used to assess inflammation and death receptor ligands, respectively. Histopathology and neurological outcomes were assessed by immunohistochemistry, locomotion scoring and cardiovascular measurement of autonomic dysreflexia 4 weeks post-SCI. Results: Both 7.5 and 15 mg kg -1 doses of Reparixin reduced levels of TNF-a and CINC-1 72 h post-SCI and decreased macrophage (CD68) content in the spinal cord lesion. Only 15 mg kg -1 Reparixin reduced both Fas and p75 levels in the spinal cord compared with untreated SCI. We observed a reduced lesion area and increased neuron number in the gray matter of Reparixin-treated rats. Hindlimb motor scores at 7 and 28 days post-SCI were improved by 15 mg kg -1 Reparixin treatment. Both 7.5 and 15 mg kg -1 Reparixin reduced development of autonomic dysreflexia 4 weeks post-SCI. The change in mean arterial pressure, induced by cutaneous or visceral stimulation, was reduced by 40-50%. Conclusion: Acute treatment with 15 mg kg -1 Reparixin reduces acute inflammation and is associated with minor improvements in motor function and a significant reduction in the severity of autonomic dysreflexia.
Introduction
After spinal cord injury (SCI), inflammatory and oxidative processes are activated in the spinal cord by ischemia, cellular damage and hemorrhage. This inflammatory response exacerbates secondary injury mechanisms and diminishes the prospect for neurological recovery. 1 Recently, treatment strategies designed to selectively reduce inflammation and cell death after SCI have demonstrated increased axonal sparing, neuroprotection and improved neurological outcomes after SCI. [2] [3] [4] [5] [6] Targets have included chemokine receptors, 3, 4, 7 cell adhesion integrins, 2, 8 and cytokines and death receptors 5, 6 that are upregulated after SCI.
The CXC chemokine, cytokine-induced neutrophil chemoattractant (CINC)-1 (rat interleukin 8), is upregulated after brain injury in rats, 9 activates the G-protein-coupled receptors CXCR1 and CXCR2, and induces neutrophil recruitment and activation after ischemia. 10 Reparixin (R(À)-2-(4-isobuthylphenyl)propionyl methanesulfonamide) is a novel small molecule antagonist that functions as an allosteric noncompetitive inhibitor of CXCR1 and CXCR2 and has been shown to effectively inhibit the CINC-1-induced chemotaxis of rat neutrophils in a concentrationdependent manner. 10 Recently, Reparixin treatment has also been shown to attenuate the inflammatory response, reduce gliosis, promote white matter sparing and improve hindlimb locomotor recovery in rats after spinal cord contusion injury. 7 Although the development of autonomic dysreflexia after SCI has been demonstrated to be sensitive to antiinflammatory treatment 2, 8 and associated with the severity of injury and tissue sparing, 2,11 the effects of Reparixin treatment on sensory or autonomic function have not been investigated. 7 Autonomic dysreflexia, a condition that develops in 50-90% of patients with upper thoracic and cervical SCI, is characterized by symptoms that include episodic hypertension, debilitating headaches and profuse sweating. 12, 13 The rapid increase in arterial pressure can lead to cardiac arrhythmias, seizures and hemorrhagic strokes. 13, 14 We hypothesized that acute treatment of Reparixin would modulate the acute inflammatory response, promote whiteand gray-matter sparing and improve blood pressure regulation after SCI by diminishing the development of autonomic dysreflexia. The attenuated expression of death receptors Fas and p75, previously linked to SCI-induced apoptosis, 5, 6, 15 was explored as a potential mechanism for the beneficial Reparixin treatment effects. , Schering-Plough Ltd, Hertfordshire, UK). Atropine served to strengthen heart contractions and guard against spinal shock-induced hypotension and bradycardia. 16 After laminectomy removed the dorsal half of T3, the jaws of an aneurysm clip (Toronto Western Research Institute) were released around the T4 spinal cord segment to compress the spinal cord for 60 s with 35 g of closing force. 11, 17 Postoperative care of the animals included administration of subcutaneous saline (3 ml daily), Temgesic and Baytril for 3 days post-SCI and bladder compression to void urine twice daily until autonomic control of voiding returned. 17 
Materials and methods

Animals
Reparixin treatment
After SCI, rats were treated with either saline or Reparixin. The Reparixin-treated animals were assigned to one of the three groups: high-dose (R2, 15 mg kg -1
) 12-h acute treatment, high-dose 72-h treatment or low-dose (R1, 7.5 mg kg -1 ) 72-h treatment. All rats were given tail vein injections of either saline or Reparixin (11.5 mg ml -1 , 300 ml) 1 h after SCI surgery to rapidly achieve effective plasma drug concentrations. According to the desired outcome measurements, rats were killed at 12 h, 72 h or 4 weeks after SCI. SCI rats in the acute 12-h end point were administered subcutaneous injections of saline or Reparixin (23 mg ml -1 , 160 ml) every 2 h after the tail vein injection. SCI rats in the 72-h or 4-week end point groups were implanted with osmotic pumps (Durect Corp., Cupertino, CA, USA, Alzet model 2ML4, 10 ml h -1 ) that were filled with saline, Reparixin (R1, 115 mg ml -1 ) or Reparixin (R2, 230 mg ml -1 ) immediately after SCI surgery, and primed at 37 1C for 4-16 h before implantation. The injection syringes and osmotic pumps were prepared by a 'third party' and numbered. The investigators were kept blind to the code and only matched the treatment number to animal number.
Acute outcome measurements
Uninjured rats and rats 12 and 72 h after SCI were killed by a fatal intraperitoneal dose of urethane and transcardially perfused with ice-cold phosphate-buffered saline (pH 7.4). Thoracic (T) spinal cord segments T2-T6 (lesion) and T7-T10 (caudal to lesion) were removed and immediately frozen in liquid nitrogen.
MPO assay
Spinal cord segments were sonicated in myeloperoxidase (MPO) buffer and centrifuged at 10 000 g for 15 min at 4 1C as previously described. 18 The cytosolic protein fraction and membranous protein fractions were collected and assayed for total protein concentration using the bicinchoninic acid (BCA) Protein Assay (Pierce, Rockford, IL, USA). MPO activity was measured in the cytosolic protein fraction of spinal cord homogenates by a colorimetric assay as previously described.
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Enzyme-linked immunosorbant assays Tumor necrosis factor a (TNF-a) and CINC-1 levels were measured in the cytosolic protein fraction of spinal cord homogenates using enzyme-linked immunosorbant assay kits from R&D Systems according to the manufacturer's instructions (TNF-a, DY510; CINC-1, DY515; Minneapolis, MN, USA).
Western blot analysis
Relative protein content in the spinal cord lesion of CD68, Fas and p75 was determined by standard western blot techniques after 30 mg of membrane fraction protein was separated by SDS-polyacrylamide gel electrophoresis. Primary antibodies used were specific to CD68 (1:500; MCA 341R, Serotec, Oxford, UK), Fas (1:500; 05-351, Upstate/Millipore, Billerica, MA, USA) and p75 (1:500; sc-831, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incubation in horseradish peroxidase-conjugated secondary anitibodies, an ECL chemiluminescence kit (Amersham, Piscataway, NJ, USA) was used and the blot exposed to film. An Alpha Imager 2200 and software (Alpha Innotech, San Leandro, CA, USA) was used to capture the image and quantify relative band intensity.
Chronic outcome measurements Neurological outcomes. Twice weekly after SCI, open-field locomotion testing was performed and functional scoring assessed for each rat according to the 21-point BBB scale. 19 This scale measures range of motion about each hindlimb joint: a score of 7 indicates there is extensive range of motion about each joint; a score of 10 reports occasional weightsupported plantar steps but without fore and hindlimb coordination.
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Inhibition of CXCR1 and CXCR2 chemokine receptors DR Marsh and JMP Flemming At 1 week after left carotid artery canulation, pulsatile arterial pressure was recorded with a Powerlab system (ADInstruments, Colorado Springs, CO, USA) from freely moving rats. 17 Rats were gently restrained to connect the arterial canula to the pressure transducer (Ohmeda Medical Devices, Columbia, MD, USA, 682021), and to insert a balloon-tipped Foley balloon-tip catheter (8Fr. 3 cc balloon; CR Bard Inc., Murray Hill, NJ, USA) 4.0 cm into the colon. Autonomic dysreflexia was triggered by 1.5-ml balloon distension of the colon or by pinching of skin dorsal to the lumbar vertebrae. 11, 17 The average and peak change in mean arterial pressure (MAP) and heart rate during the stimulation was measured from the baseline resting values preceding the stimulus. Colon distension-and skin pinch-induced changes were measured twice during each testing session, allowing 15-20 min of recovery time between tests. Cardiovascular testing was repeated on each animal 1 day after the initial test. Results from each test were averaged for each animal and compared between groups.
Lesion histopathology. At 4 weeks after SCI, rats were transcardially perfused with 4% paraformaldehyde in phosphate-buffered saline and the spinal cord segments containing the lesion were removed and equilibrated to 30% sucrose. Solochrome cyanine staining of compact myelin, 2 and double-fluorescent immunohistochemistry for glial fibrillary acid protein (1:1000, ab5804, Chemicon, Temecula, CA, USA) and neuron-specific transcription factor, NeuN (1:5000, mab377, Chemicon) was performed on 16-mm thick serial longitudinal sections.
Lesion area. The lesion area was determined from solachrome cyanine-stained sections as described previously. 20 The lesion area was determined from digital images of longitudinal sections of the spinal cord segments containing the lesion with Image Pro software (Media Cybernetics, Bethesda, MD, USA).
Neuron number. A Zeiss microscope, digital camera and LSM 510 software (Zeiss Canada Ltd., Toronto, ON, Canada) was Figure 1 Concentration of cytokines TNF-a (a) and CINC-1 (b) in spinal cord homogenates of uninjured, saline-treated SCI and Reparixin-treated SCI rats. Protein levels were determined at 8 and 72 h after SCI by ELISA and are expressed as mean±s.e. þ R1 ¼ 7.5 mg kg -1 Reparixin-treated SCI; þ R2, 15 mg kg -1 Reparixin-treated SCI; SCI, saline-treated SCI. *Denotes a significant difference from uninjured, Po0.05.
f Denotes a significant difference from saline-treated SCI, Po0.05. n ¼ 8 animals in each group. Data analysis and statistics. Data collection was performed in a blinded manner with the researcher unaware of group designation. Densitometric analysis was used to quantify results of western blots. Analysis of variance was performed on the results and significant differences among group means determined by Newman-Keuls post hoc test (Po0.05).
Results
Acute inflammation
The levels of the cytokine TNF-a were increased significantly at 12 and 72 h after SCI. Treatment with Reparixin reduced the levels of TNF-a at 12 h in the SCI lesion by 46% (Figure 1a) . At 72 h post-SCI, 15 mg kg -1 Reparixin, but not 7.5 mg kg -1 , was effective at reducing TNF-a levels compared with spinal cord lesions of saline-treated SCI animals. TNF-a levels at 72 h remained significantly elevated above levels in uninjured control spinal cord (Figure 1a) . The levels of the chemokine CINC-1 were also increased at both 12 and 72 h after SCI (Figure 1b) . Reparixin treatment had no effect on the levels of CINC-1 in the SCI lesion 12 h after injury. Compared with saline-treated SCI, both the low dose (7.5 mg kg -1 ) and the high dose (15 mg kg -1 ) of Reparixin significantly reduced CINC-1 levels in the spinal cord lesion 72 h after SCI (Figure 1b) .
MPO was elevated at 12 and 72 h after SCI compared with uninjured spinal cord (Figure 2a) . Reparixin treatment had no significant effect on MPO activity at 12 or 72 h after SCI. MPO activity 72 h after SCI was reduced by 30% following Reparixin treatment (Figure 2a ), but due to variability, this difference was not significant. Inflammation was also f Denotes a significant difference from saline-treated SCI, Po0.05. þ R2, 15 mg kg -1 Reparixin-treated SCI; SCI, saline-treated SCI.
Inhibition of CXCR1 and CXCR2 chemokine receptors DR Marsh and JMP Flemming assessed by western blot for CD68, a lysosomal protein in macrophages (Figure 2b ). Densitometric analysis demonstrated a significant decrease in macrophage content in SCI lesions from Reparixin-treated compared with untreated rats at 72 h post-SCI. Both 7.5 and 15 mg kg -1 doses of Reparixin, in a dose-dependent manner, were effective at decreasing macrophage infiltration (Figure 2b ).
Death receptor ligand expression
The relative level of death receptor ligands, Fas and p75, were significantly increased at 72 h after SCI. The increase in Fas expression was diminished by both 7.5 and 15 mg kg -1 Reparixin treatment to levels similar to uninjured controls (Figure 3a) . In contrast to Fas, levels of p75 after SCI were only diminished by the 15 mg kg -1 dose of Reparixin ) appeared to ameliorate the loss of myelinated axons near the lesion (Figure 4a ). Quantitative analysis of the lesion area confirmed this assessment as Reparixin treatment significantly reduced the lesion area caused by SCI (Figure 4b ).
In addition, the neuropil immediately caudal to the lesion epicenter was examined for surviving neurons. Using the neuron-specific transcription factor NeuN as a neuronal marker, the number of neurons was counted in 500 mm increments (Figure 5a ). Within 500 mm of the lesion Motor neurological outcomes 28 days after SCI. Assessment of hindlimb motor performance according to 21-point BBB scale. Each point on graph represents the average ± s.e. of salinetreated SCI rats and Reparixin-treated SCI rat's performance at each day. The average ± s.e. of each group is shown at each time point. þ R2 ¼ 15 mg kg -1 Reparixin-treated SCI; SCI, saline-treated SCI. f Denotes a significant difference from saline-treated SCI, Po0.05. At least n ¼ 8 animals in each group. epicenter, no NeuN-positive neurons were observed in either saline-or Reparixin-treated SCI animals. Neuron counts increased in both groups with added distance from the lesion. At each 500 mm increment from the lesion eipicentre, the number of neurons was greater in spinal cords of the Reparixin-treated (15 mg kg -1 ) animals compared with the untreated SCI animals (Figure 5b ).
Neurological outcomes
Improvement on the 21-point BBB scale was observed in all groups as scores increased over time (Figure 6 ). At 1 week after SCI, both the 7.5 and the 15 mg kg -1 Reparixin-treated rats scored significantly higher than untreated SCI rats (only 15 mg kg -1 data shown). At 4 weeks after SCI, more Reparixin-treated rats were able to weight bear and step in a coordinated manner than saline-treated rats.
Resting MAP and heart rate data, as well as cardiovascular response to colon distension and skin pinch, for saline-and Reparixin-treated SCI rats are reported in Table 1 . Representative recording traces of cardiovascular data for saline-and Reparixin-treated rats are presented in Figure 7a . Dysfunctional regulation of blood pressure that commonly occurs after severe upper thoracic SCI was observed in saline-treated SCI rats. Both colon distension-and skin pinch-induced autonomic dysreflexia was accompanied by significant increases in MAP and bradycardia from baseline resting values (Table 1, Figures 7a and b) . Reparixin treatment diminished the development of autonomic dysreflexia. The average change in MAP during colon distension or skin pinch in SCI rats was reduced by 56-92% in rats that received either low-or high-dose Reparixin treatment after SCI (Table 1, Figure 7b) . Similarly, the peak change in MAP Inhibition of CXCR1 and CXCR2 chemokine receptors DR Marsh and JMP Flemming induced by colon distension or skin pinch was also reduced by 43-52% after Reparixin treatment (Table 1) . Although the average and peak MAP response was diminished, Reparixin treatment had little effect on the average or peak bradycardia response observed during either colon distension or skin pinch (Table 1) .
Discussion
Selective anti-inflammatory treatments that reduce infiltration and activation of neutrophils and macrophages into the injured spinal cord are consistently associated with sparing of myelinated axons, neuroprotection and improved neurological outcomes. 2, 3, 8 The current paper continues this theme and demonstrates that acute treatment with Reparixin, a small molecule antagonist that inhibits CXCR1 and CXCR2 chemokine receptors, improves motor and autonomic neurological outcomes after SCI. The 72-h Reparixin treatment diminished SCI-induced expression of cytokine TNF-a, chemokine CINC-1 and reduced inflammation in the spinal cord lesion. Our results expand upon a 7-day regimen of Reparixin treatment of rats that also demonstrated improved motor function and reduced inflammation after SCI. 7 We report the novel finding that Reparixin treatment reduced the expression of Fas and p75 in the SCI lesion to levels comparable to uninjured spinal cord (Figures 3a and  b) . Both Fas and p75 receptors are implicated in apoptosis and contain intracytoplasmic death domains that activate caspases after SCI. 5, 15 Previously, neutralization of the Fas receptor ligand by antibody 6 or by soluble Fas receptor infusion 5 has been shown to reduce apoptosis, promote regeneration and improve neurological recovery after dorsal column transection or spinal cord clip-compression, respectively. Although the mechanism Reparixin diminished the expression of Fas and p75 receptors is unknown, the inhibited oligodendrocyte apoptosis and preservation of the white matter around the SCI lesion 7 could be attributed to reduced levels of Fas and p75. In this paper, we also observed that Reparixin treatment reduced the area of the spinal cord lesion, but also report a neuroprotective benefit as neurons were more abundant near the SCI lesion of Reparixin-treated rats, compared with saline-treated rats ( Figure 4) . Sparing of the white and gray matter could be expected as Fas is expressed by multiple cell types, including oligodendrocytes, microglia and neurons, 6 whereas p75 is predominantly expressed by oligodendrocytes. 15 In addition to neutrophils and macrophages, CXCR2 expression has also been reported on neurons and associated with cell survival after brain injury. 9 Reparixin treatment could prevent the CINC-1-induced downregulation of neuronal CXCR2 9 and enhance survival after SCI. The combined anti-inflammatory and neuroprotective benefits of Reparixin treatment were not only evident upon histopathological examination of the SCI lesion (Figures 4  and 5 ) but also in improved neurological outcomes of motor and autonomic function (Figures 6 and 7) . These improved neurological outcomes can be attributed to sparing of white matter near the lesion and in the neuropil caudal to the lesion. Although locomotion and hindlimb range of motion were modestly improved after Reparixin treatment, the most impressive outcome was the improved regulation of blood pressure. Spinal cord-injured animals receiving the high-dose Reparixin (15 mg kg -1 h -1 ) treatment demonstrated minimal development of autonomic dysreflexia. This observation is similar to previous reports of modest improvements in motor function, but dramatic improvements in sensory and autonomic neurological outcomes after anti-inflammatory treatment. 2, 8 In summary, inhibition of CXCR1 and CXCR2 chemokine receptors by Reparixin is an effective anti-inflammatory and neuroprotective treatment after SCI. Acute treatment of spinal cord-injured rats with Reparixin leads to dramatic improvements in autonomic neurological function and regulation of blood pressure.
